The ability of members of the nicotinicoid superfamily of ligand-gated ion channels to selectively conduct anions or cations is critical to their function within the central nervous system. Recent work has demonstrated that residues at the intracellular end of the second transmembrane domain, between the ؊3 and 2 positions, form the ion selectivity filter of these receptors. In this study, the proline residue at the 2 position (Pro-2) at the intracellular end of the second transmembrane domain of the ␥-aminobutyric acid type C 1 subunit was mutated to glutamate (1P2E) and arginine (1P2R). Dilution potential experiments indicated that the charge selectivity of the 1P2E receptor channels had been inverted, with the channels now becoming predominantly cation selective, indicating the ability of negatively charged residues at this 2 position to control charge selectivity. The mutation was also seen to have significantly decreased agonist potency and intrinsic efficacy. In contrast, the 1P2R receptor channels were anion-selective but were now found to be constitutively open with high holding currents (inhibited by low ␥-aminobutyric acid doses and the competitive antagonist, 1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid alone) and increased agonist activity. Hill coefficients of both mutants were decreased, but competitive antagonist studies indicated that their binding sites were not significantly affected.
The vertebrate members of the Cys loop or nicotinicoid superfamily of ligand-gated ion-channel (N-LGIC) 1 receptors consist of nicotinic acetylcholine receptor (nAChR), strychnine-sensitive glycine receptor (GlyR), serotonin type 3 receptor, the A and C subtypes of the ␥-aminobutyric acid receptors (GABA A/C R), and a recently discovered zinc-activated channel (1) (2) (3) (4) . Members of this family are formed by a pentameric arrangement of subunits around a central ion channel pore, which is lined by residues within the second transmembrane (M2) domain of each subunit (5) . Although these receptors display a high degree of sequence and structural homology, they differ in the nature of the ions conducted. For example, nACh receptors are selectively permeable to monovalent and divalent cations, whereas GlyR, GABA A R, and GABA C Rs predominantly conduct anions, typically chloride. This difference critically underpins the role of different LGICs in mediating excitatory or inhibitory transmission at synapses.
The proximity of residues within the M2 domain to the ion permeation pathway, and the channel gate(s), suggests that they have a considerable influence on channel gating and ion conduction, and this has been confirmed by a number of mutagenesis studies (6 -9) . Electron microscopic pictures of the closed nAChR reveal that hydrophobic residues around 9Ј-14Ј form a girdle to occlude ion permeation (5) . In the desensitized state, the structure of a putative "desensitization gate" has not been definitively resolved but may involve a more extensive number of M2 residues (10, 11) . In the open state of the channel, the pore tapers to a constriction at the intracellular end. In the nAChR a threonine at the 2Ј position forms the narrowest part of the pore, and mutations to this position markedly alter permeation properties (12) . Mutations to other residues within this constricted intracellular end have also been shown to have marked effects on ion permeation and seem to be particularly important for determining ion selectivity (6, 8) .
Even from early work investigating the ion selectivity of N-LGIC receptors, it was suggested that a critical role was played by rings of charged residues at the extracellular and intracellular ends of the M2 domain, the charged side chains being thought to favor the permeation of ions of the opposite charge (6, 13) . Imoto et al. (6) had also shown that the changes in charge of the intermediate ring in the intracellular end of the M2 domain had the greatest effect on ion conductance in the AChR channel. More recently, mutations to other residues, especially of a charged nature, within this constricted intracellular end of the M2 domain have also been shown to have marked effects on ion permeation and seem to be particularly important for determining ion charge selectivity (8) .
Bertrand and colleagues (9) were the first to invert the ion selectivity of a N-LGIC receptor, converting the ␣7 nAChR to an anion conducting receptor by mutating two residues (E-1ЈA and V13ЈT) and introducing a proline residue at the intracellular end of the channel pore (Pro-Ϫ 2Ј). Complementary mutations successfully inverted the ion selectivity of the GlyR, serotonin type 3 receptor A, and GABA A R (14 -16) , with the extension of this work demonstrating that double and even single mutations at critical positions (0Ј, Ϫ1Ј) within this re-gion are sufficient to invert ion selectivity (15, (17) (18) (19) . These studies indicate that the ion selectivity filter is located at the intracellular end of the channel corresponding to the narrowest region of the channel between the Ϫ3Ј and 2Ј positions and that N-LGIC receptors share common physical characteristics in these regions.
The current study has focused on the role of the proline residue at the 2Ј position (Pro-2Ј) in the M2 domain of GABA C Rs. This proline is highly conserved across the species from which the 1 subunit has been cloned, suggesting its importance for normal receptor function. It is located at the extracellular edge of the constricted region and there is a high degree of sequence variation at this position between the N-LGIC receptors. We have recently shown that mutations to this residue altered the relative actions of a series of agonists and partial agonists at recombinant 1 GABA C Rs (20) . We interpreted these effects in terms of mutations to 2Ј changing the gating equilibrium between the closed and open states of the channel and found a correlation with side-chain hydrophobicity (using mutations to alanine, glycine, serine, and phenylalanine). In the current study, we investigated the impact of charged residues at the 2Ј position of the human GABA C 1 subunit in the M2 domain on the pharmacology and ion selectivity of the human 1 GABA C R (see Fig. 1 ).
EXPERIMENTAL PROCEDURES
Production of Mutant Human GABA C 1 Subunits-Mutation of the native proline at the 2Ј position of the human GABA C 1 subunit in the M2 domain to arginine (1P2ЈR) and glutamate (1P2ЈE) was achieved using the QuikChange site-directed mutagenesis kit (Stratagene). All mutations were verified by DNA sequencing (Australian Genome Research Facility). Plasmids containing mutant and wild-type inserts were linearized with Xba-I, and mRNA was synthesized using the T7 mMESSAGE mMACHINE kit (Ambion, Austin, TX).
Expression of Wild-type and Mutant 1 GABA C Rs in Xenopus Oocytes-Oocytes were harvested from Xenopus laevis as described previously (21) . Stage V-VI oocytes were injected with mRNA (10 ng/50 nl) and then stored at 18°C in ND96 solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.5) supplemented with 2.5 mM sodium pyruvate, 0.5 mM theophylline, and 50 g ml Ϫ1 gentamycin. Recordings of receptor activity were obtained after 2-8 days by a two-electrode voltage clamp (see next section). Oocytes were voltageclamped at Ϫ60 mV and continually perfused with ND96 solution at room temperature. Known concentrations of compounds tested were dissolved in ND96 and applied until maximum responses were obtained. The oocyte was then washed for 3-10 min, which was sufficient for the complete recovery of the control response to GABA. In the case of antagonists, a complete GABA concentration response curve was obtained under control conditions and then again in the presence of a known concentration of antagonist. This enabled the determination of single point estimates from individual cells. All compounds were tested on oocytes from at least three harvests. Studies of wild-type and mutant receptors were conducted in parallel.
Electrophysiology and Solutions-Recordings of receptor currents and current-voltage data were obtained with a two-electrode voltage clamp using a Digidata 1200, a Geneclamp 500 amplifier, and pClamp 8 for Windows (Axon Instruments Inc., Foster City, CA), together with a MacLab 2e recorder (AD Instruments, Sydney, NSW) and Chart version 3.6.3 program, as further described previously (21) . Microelectrodes, filled with 3 M KCl were used for both the current and voltage intracellular electrodes, with the external bath reference electrode being a Ag/AgCl electrode, which needed correction for changes in Cl Ϫ activity when appropriate. Steady-state current measurements were obtained in response to (100 ms) voltage steps from Ϫ30 mV to potentials between Ϫ60 mV and 80 mV, in 10-mV increments. The currentvoltage relationships for the GABA (100 M)-evoked current were obtained after the subtraction of control responses to the same voltage protocol recorded in the absence of GABA. Current-voltage measurements were undertaken for each receptor in the presence of three solutions with decreasing levels of extracellular NaCl, OR2 (a control 100% NaCl, 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl 2 ⅐6H 2 O, 5 mM HEPES (with 2.5 mM NaOH)) and then in two OR2-like solutions 0.5OR2 (a 50% NaCl solution in which 82.5 mM NaCl was replaced with 41.25 mM sodium chloride and 78 mM sucrose) and 0.25OR2 (a 25% NaCl solution in which 82.5 mM NaCl was replaced with 20.6 mM NaCl and 112.5 mM sucrose). The concentration of sucrose required to maintain solution osmolarity was obtained from the CRC Handbook of Chemistry and Physics (22) .
GABA, imidazole-4-acetic acid (I4AA), 4,5,6,7-tetrahydroisoxazole[5,4-C]pyridine-3-ol (THIP), and muscimol were obtained from Sigma Chemical Co. Trans-4-aminocrotonic acid (TACA), cis-4-aminocrotonic acid (CACA), trans-2-(ϩ/Ϫ)-(aminomethyl)cyclopropanoic acid ((ϩ/Ϫ)-TAMP), cis-2-(ϩ/Ϫ)-(aminomethyl)cyclopropanoic acid ((ϩ/Ϫ)-CAMP), and (1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid (TPMPA) were prepared as previously reported (23, 24) .
General Analysis of Data-All current responses were normalized to the maximum GABA-activated current recorded in the same cell and expressed as a percentage of this maximum. This was then plotted as a function of agonist concentration using Kaleidagraph 3.0. This data was fitted by least squares to the equation
, where I is the response to a known concentration of agonist, I M is the maximum current obtained, [A] is the agonist concentration, EC 50 is the concentration of agonist that activates 50% of receptors and n H is the Hill coefficient. Dilution Potential Fitting-Current-voltage relationships were plotted using Clampfit, and reversal potentials were directly read from linear or polynomial fits to these data and averaged. Reversal potentials obtained in the three extracellular solutions (OR2, 0.5OR2, and 0.25OR2) were corrected for liquid junction potentials and changes in Ag/AgCl electrode potentials, because of changes in Cl Ϫ activity when the extracellular solutions were diluted, using the MS Windows version of JPCalc (25) .
SigmaPlot 5 was used to fit reversal potentials (E rev ) to a modified version of the Goldman-Hodgkin-Katz equation (26, 27) 
Where a Na , a K , and a Cl represent the ionic activities of Na ϩ , K ϩ , and Cl Ϫ , respectively, ␣ ϭ P Cl /P Na and ␤ ϭ P K /P Na , and superscripts o and i refer to external and internal solution values, respectively.
Because of the large changes in ionic strength of the external solutions, it was necessary to use ion activities (a) rather than ion concentrations (C) in all data fitting calculations. For the NaCl concentrations in the three different OR2 solutions (87, 45, and 25 mM) mean activity coefficients (␥, where a ϭ ␥C) of 0.793, 0.837, and 0.873 at 25°C were interpolated from (19) .
Relative permeabilities were calculated from reversal potential data for each individual experiment and then averaged for all the experiments. A one-way analysis of variance, using Tukey's multiple comparison test, was performed to determine the statistical significance of the results, where 0.05 was treated as the point of significance.
RESULTS

1P2ЈR
Receptors Have an Increased Basal Holding Current-The expression of wild-type and mutant GABA C 1 subunit mRNA in Xenopus oocytes produced functional GABAactivated receptors. However, when clamped at Ϫ60 mV the holding current for cells expressing 1P2ЈR receptors (Ϫ704 Ϯ 76 nA, n ϭ 46) was significantly (p Ͻ 0.001) greater than that in cells expressing wild-type (Ϫ40 Ϯ 15 nA, n ϭ 22) and 1P2ЈE receptors (Ϫ38 Ϯ 7 nA, n ϭ 26). This holding current was inhibited by low doses of GABA (Fig. 2c) and by TPMPA alone (Fig. 3, IC sence of the agonist. In these receptors, in response to application of maximal GABA concentrations, inward currents were observed at Ϫ60 mV that were much larger than the holding currents (Fig. 2c) suggesting that the proportion of time that these receptors are spontaneously open is much smaller than channel openings induced by ligand binding. Overall, the whole-cell currents measured for wild-type and mutant receptors varied, ranging between 100 and 3000 nA for wild-type receptors, 100 and 400 nA for 1P2ЈE receptors, and 100 and 600 nA for 1P2ЈR receptors.
Potency 
a EC 50 is the concentration required to obtain 50% activation. Data are the mean Ϯ S.E. (n ϭ 3-24 oocytes) obtained over a minimum of three harvests.
b n H is the Hill coefficient which is a measure of the cooperativity of agonists. Data are the mean Ϯ S.E. (n ϭ 3-24 oocytes) obtained over a minimum of three harvests.
c I M is the intrinsic efficacy of the agonist and is measured as a percentage of the maximum response of GABA, which is designated as 100%. Data are the mean Ϯ S.E. (n ϭ 3-24 oocytes) obtained over a minimum of three harvests. the full agonists, GABA, TACA, and (ϩ/Ϫ)-CAMP differed at mutant receptors compared with the wild-type receptors (Table  II and Fig. 4 ). The potency of GABA (p Ͻ 0.001, n ϭ 24) and (ϩ/Ϫ)-CAMP (p Ͻ 0.01, n ϭ 5) was significantly increased at the 1P2ЈR receptors, whereas in contrast, all three compounds were significantly less potent at the 1P2ЈE receptors (p Ͻ 0.001, n ϭ 4 -15). The intrinsic efficacy of these full agonists tested was maintained at the mutant receptors, with the exception of a significant increase for TACA (p Ͻ 0.001, n ϭ 3) and a significant ϳ50% decrease for (ϩ/Ϫ)-CAMP at 1P2ЈE receptors (p Ͻ 0.001, n ϭ 4).
A similar pattern of changes were observed for the partial agonists muscimol, CACA, (ϩ/Ϫ)-TAMP, and I4AA (Table II and Fig. 5 ). The potency of muscimol was increased by ϳ7-fold at the 1P2ЈR receptors (p Ͻ 0.01, n ϭ 5) and decreased by 4-fold at the 1P2ЈE receptors (p Ͻ 0.001, n ϭ 3). Similarly, CACA was 5-fold more potent at the 1P2ЈR receptors (p Ͻ 0.01, n ϭ 5) compared with wild-type, with a 3-fold decrease in potency being observed at 1P2ЈE receptors (p Ͻ 0.001, n ϭ 3).
The potency of (ϩ/Ϫ)-TAMP and I4AA was also increased at the 1P2ЈR receptors, by 15-and 21-fold, respectively (p Ͻ 0.001, n ϭ 5-9). Similarly, (ϩ/Ϫ)-TAMP and I4AA were also more potent at 1P2ЈE receptors compared with wild-type, this increase was significant for (ϩ/Ϫ)-TAMP (p Ͻ 0.001, n ϭ 4). The intrinsic efficacy of the partial agonists was, in general, decreased at the 1P2ЈE receptors and increased at the 1P2ЈR receptors (Table II) , with the greatest change observed being the 7-fold increase in the measured intrinsic efficacy of I4AA at the 1P2ЈR receptors (p Ͻ 0.001, n ϭ 9). The Hill coefficients (n H ) for activation of wild-type receptors ranged from 1.2 to 2.5 for the different full and partial agonists (Table II) . The mean n H for activation of both mutant receptors seemed to be generally decreased compared with the wild-type, with values ranging from 1.0 to 1.3 (Table II) . However, a significant decrease in n H was only observed with GABA activation, and both mutants displayed a similar reduction (p Ͻ 0.001, n ϭ 15-24).
Effects of Mutations on Antagonist Properties-The activity of the competitive antagonists, TPMPA and THIP, was not significantly altered at the mutant receptors, with there being no significant difference between the apparent K B values for 1P2ЈR, 1P2ЈE, and wild-type receptors (Table II ; p Ͼ 0.05, n ϭ 4 -6). The apparent K B values for I4AA were unaltered at the 1P2ЈE receptors (p Ͼ 0.05, n ϭ 7). However, this value was significantly decreased at the 1P2ЈR receptors compared with wild-type (p Ͻ 0.01, n ϭ 7).
Effects of Mutations on Ion-Charge Selectivity-The ioncharge selectivity properties of wild-type GABA C 1 and mutant receptors were determined in dilution potential experiments by reducing the sodium chloride composition of the applied external solutions (from OR2 to 0.5OR2 and 0.25OR2) and observing the resultant shifts in current reversal potentials (see "Experimental Procedures"). Current-voltage curves obtained for wild-type receptors and 1P2ЈR receptors showed that a reduction in the external sodium chloride concentration was accompanied by a shift of reversal potentials to more positive potentials, in the direction of that predicted by the Nernst equation for a chloride-selective channel under these conditions (Table III and Fig. 6, a and b) . In contrast, reversal potentials measured for 1P2ЈE receptors were shifted to more negative potentials upon decreasing the external sodium chloride concentration (Table III and Fig. 6c ). This shift was in the direction of that predicted by the Nernst equation for a sodiumselective channel under these conditions. These qualitative results suggest that the wild-type and 1P2ЈR receptor channels are predominantly anion-selective, whereas the 1P2ЈE receptor channels are predominantly cation-selective.
The Goldman-Hodgkin-Katz equation was used to quantify the permeability of chloride relative to sodium, and chloride relative to potassium, for each receptor (P Cl /P Na and P Cl /P K ; Table III ). Permeability ratios were calculated from reversal potential data for each experiment and the individual permeability values then averaged to readily determine their means Ϯ S.E. as listed in Table III . The P Cl /P cation ratios obtained for wild-type (P Cl /P Na ϭ 7.1 Ϯ 1.0, P Cl /P K ϭ 2.0 Ϯ 0.3; n ϭ 9) and 1P2ЈR (P Cl /P Na ϭ 7.2 Ϯ 1.5, P Cl /P K ϭ 2.7 Ϯ 0.2; p Ͼ 0.05; n ϭ 14) receptor channels are of the same order of magnitude and both greater than 1, confirming that both channels are anion-selective. However, the P Cl /P cation values calculated for the 1P2ЈE receptors were lower than 1 (P Cl /P Na ϭ 0.08 Ϯ 0.03, p Ͻ 0.001; P Cl /P K ϭ 0.05 Ϯ 0.01, p Ͼ 0.05, n ϭ 13). This confirms the previously stated qualitative conclusion from the direction of the reversal potential shifts that the 1P2ЈE receptors are cation-selective. 
DISCUSSION
Studies of ion selectivity of N-LGIC receptors have begun to focus primarily on the role of residues lying at the constricted region of the channel, between the Ϫ3Ј and 2Ј positions. Although residues lying elsewhere in the M2 domain have been shown to influence ion conductance, the first successful inversion of ion selectivity was achieved by altering a minimum of three residues in and about the M2 domain of the ␣7 nAChR (9, 30) . It was then shown that the same mutations could invert selectivity of the serotonin type 3 receptor A (14) , whereas the inverse set of mutations converted the GlyR channels to cationic (16) , indicating conservation of ion charge selectivity determinants within the N-LGICs. Subsequent work on GlyRs (17, 18) , GABA A Rs (15) , and GABA C Rs (19) demonstrated that inversion of ion selectivity could be achieved with double and finally single mutations, with this work focusing on residues at the Ϫ2Ј, 1Ј, and 0Ј positions.
The current study investigated the effect of mutating Pro-2Ј at the intracellular end of the M2 domain of the GABA C 1 subunit to a negatively charged glutamate residue (1P2ЈE) and to a positively charged arginine residue (1P2ЈR), finding that these mutations caused major changes to the charge selectivity of the channel and its open state probability. Dilution potential experiments revealed that the mutation of the neutral Pro-2Ј to a negative glutamate resulted in a charge selectivity inversion, with the channel becoming predominantly cation-selective. This contrasts with the anion-selective wild-type channel, indicating the ability of a negatively charged residue at the 2Ј position to switch ion selectivity. The 1P2ЈR receptor channel was still anion-selective, like the wild-type channel, and was now found to be constitutively open with high holding currents, which could be inhibited by low GABA doses and the competitive antagonist TPMPA alone and with increased agonist activity. Hill coefficients of both mutants were decreased, 
TABLE III
Permeability ratios and reversal potentials of wild-type and mutant 1 GABA C receptors expressed in X. laevis oocytes Permeability ratios were calculated using a modified version of the Goldman-Hodgkin-Katz equation. Extracellular ion activities are given in Table I . Intracellular ion activities were taken from Barish (29), ͓Cl͔ i ϭ 33 mM, ͓Na͔ i ϭ 6 mM, and ͓K͔ i ϭ 92 mM. The permeability ratios were calculated individually from the reversal potential data for each experiment and then averaged over all experiments for each receptor type. Data are expressed as means Ϯ S.E. (n ϭ 9 -14 oocytes) obtained over a minimum of three harvests. but competitive antagonist studies indicated that the binding sites of both mutants were not significantly affected. This work further highlights that residues around Ϫ3Ј-2Ј of the channel, probably also the narrowest region of channel, have the greatest impact on ion conductance and selectivity. Pro-2Ј of the human GABA C 1 subunit lies at the edge of the proposed narrowest region of the ion channel (farthest from the intracellular end) and is two residues away from a highly conserved arginine residue at 0Ј. The introduction of a charged residue at this point may have a significant impact on receptor structure because of the introduction of attractive or repulsive forces between unlike or like charges. However, consistent with previous studies (20, 31, 32 ) the activity of the competitive antagonists, such as TPMPA and THIP, at 1P2ЈE and 1P2ЈR receptors was unaltered compared with wild-type, although there was increased activity of I4AA at 1P2ЈR receptors. The maintenance of competitive antagonist activity implies only minor agonist binding site changes resulted from the mutations, the implication being that any alterations to receptor channel architecture may be confined to regions of the receptor local to the introduced residues.
Channel Open State-The evidence indicated that the introduction of the positively charged arginine residue at the 2Ј position of the GABA C R channel altered the open state of the channels. The characteristics exhibited by 1P2ЈR receptors strongly suggested that these receptors were constitutively open. High holding currents measured for cells expressing 1P2ЈR receptors, the inhibition of this spontaneous current by low doses of GABA or TPMPA alone, and the increased agonist activity, all fitted the profile of previously characterized constitutively active receptors (33, 34) . In contrast, the mutation of Pro-2Ј to the negatively charged glutamate residue produced receptors at which agonist potencies and intrinsic efficacies were significantly decreased compared with wild-type receptors.
It is proposed that the introduction of charged residues at the 2Ј position of the M2 domain has altered the open state probability of the mutant receptors. Hill coefficients measured at both 1P2ЈE and 1P2ЈR receptors were decreased compared with wild-type receptors. Although this drop was significant only for the effect of GABA, such a change in Hill coefficient has previously been suggested to indicate a loss of positive cooperativity of the receptors, suggesting a loss of conformational flexibility of both receptors (35, 36) . That 1P2ЈR subunits produce constitutively open receptor channels in the absence of an applied agonist suggests that the receptor channel equilibrium has shifted toward the open state. In contrast, the drop in agonist potency and efficacy observed for 1P2ЈE receptors is possibly because of the increased probability of the mutant receptor channel being in the closed state.
Previous mutations of the Pro-2Ј to residues with vastly differing characteristics (alanine, phenylalanine, glycine, and serine) did not appear to have such dramatic effects on the equilibrium state of the receptor channel (20) . However, these mutations all involved the introduction of uncharged residues. Introducing a ring of charged residues into the narrow pore region of the pentameric and homomeric GABA C Rs may introduce repulsive forces between the five homologous subunits. These repulsive forces may, however, be expected to be similar for both positive (1P2ЈR) and negative (1P2ЈE) mutations. We therefore favor the hypothesis that an interaction between the introduced charged residues and the local native residues, in particular the ring of arginine residues at the 0Ј position, may be responsible for the changes in the equilibrium state observed for the receptor channel. Specifically, repulsive forces between the native (Arg-0Ј) and introduced (P2ЈR) arginine residues may favor an open state for the receptor channel.
The ability of the competitive antagonist TPMPA to block the leak current produced by the constitutively active 1P2ЈR receptors in the absence of agonist is not unusual. Previous studies of constitutively active GABA A Rs have demonstrated that the selective GABA A R competitive antagonist, bicuculline, inhibited the leak current of these receptors (33, 37) . In related work, a fluorescence study of the 1 GABA C R revealed that the competitive antagonist 3-APMPA, an analogue of TPMPA, induced structural changes in the receptor upon binding (38) . An ideal competitive antagonist should bind to a site on the receptor, its inhibitory effect achieved by blocking ligand access to the agonist/competitive antagonist binding site, but should not induce any conformational change in the receptor structure. The data obtained in these studies suggested that 3-APMPA and bicuculline induce a structural change upon binding to the receptor, stabilizing the closed, desensitized state of the receptor (37) . Thus, the ability of TPMPA to block the spontaneous current of 1P2ЈR receptors implies that it may act in part as an allosteric modulator at the 1 GABA C R.
Ion Selectivity-The relatively large size of the ion channel pore of N-LGIC receptors suggests that these receptor channels are not absolutely selective for the main conducted ion species. Substituted cysteine accessibility method studies corroborate this theory, with charge discrimination occurring at a level more intracellular than the 6Ј residue of the M2 domain (39 -41) . Further mutagenesis studies have served to demonstrate that successful inversion of ion selectivity is achieved by altering residues at the constricted region of the channel (9, 14 -16, 19) . More recently, studies have revealed that residues within the M1-M2 and M3-M4 intracellular loops, as well as residues at the intracellular end of the M1 domain, may also be involved with the ion permeation pathway (41, 42) .
Previous mutation studies of the 2Ј position of the GABA C 1 subunit have demonstrated that neutral residues with a range of molecular volumes have had no significant impact on ion selectivity (20, 32) . Both glutamate and arginine, the residues introduced at the 2Ј position of the 1 subunit in the present study, have comparable molecular volumes (90.4 ml/mol versus 111.5 ml/mol) (43) but opposite charges. 1P2ЈR receptors maintained a similar relative selectivity for anions as in wildtype receptors. In contrast, the significant decrease in this ratio for the 1P2ЈE receptors indicates that this mutation has produced a cation-selective receptor thus inverting the ion selectivity of the mutant receptors. These results further demonstrated that the characteristics, in this case charge, of residues at the intracellular end of the M2 domain of the 1 GABA C Rs as with other N-LGIC receptors are critical determinants of ion selectivity. That GABA C R and GlyRs can be converted from anion-selective to cation-selective by a single mutation may suggest subtle differences between anionic and cationic N-LGIC receptors, despite the high degree of sequence and tertiary structure homology.
In conclusion, this study has served to provide further evidence to support the location of the ion selectivity filter of N-LGIC receptors. A previous study of the introduction of uncharged residues at the 2Ј position of the GABA C 1 subunit demonstrated the influence this residue has on receptor activation properties (20) . In this current work, the mutation of a proline at the 2Ј position to (1) a negatively charged glutamate has been shown to switch the channel from being predominantly anion-selective to being predominantly cation-selective, and its mutation to (2) a positively charged arginine can force the receptor channel into a constitutively open state.
